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example of a buffer effect was reported in 2000 increasing phosphate buffer concentration changed the binding of cationic porphyrins to anions, 15 primarily a result of ionic strength. Very rarely, specific buffer effects have been reported. Seto and coworkers reported the buffer effects on the electrostatic binding component between cationic cyclodextrins and phosphates; 16 Rebek and co-workers reported hydrophobic hosts with different binding affinities in pure water, tris and phosphate buffers, but said it 17 Specific buffer effects are more recognized in biochemical studies, 18 and given the emerging importance of supramolecular chemistry in biological settings, 1 buffers clearly deserve greater attention. The ionic nature of buffers means electrostatic binding is a prime candidate to be influenced by specific buffer effects. Electrostatic binding is a key biological mechanism, providing adhesion in competitive aqueous media. 19 Polyanions are vital in biology, 20 and we have been interested in binding polyanionic heparin as a result of its role in blood coagulation. 21 We developed Mallard Blue (MalB), a heparin-sensing dye (Fig. 1) , 22 and in very preliminary work using UV-Vis spectroscopy, noted heparin binding varied in different buffers. 23 We have also developed self-assembled multivalent (SAMul) systems, in which self-assembly generates a nanoscale cationic ligand display that binds polyanionic heparin (Fig. 1) . 24 In this paper, we use isothermal titration calorimetry (ITC) to determine the effect of buffer, and hence understand how nanoscale electrostatic binding interfaces are affected by buffer. Heparin was ideal for this study as it is a typical highly charged polyanion, which is bound using a large electrostatic component.
We performed detailed characterization of MalB-heparin binding using ITC (Figs. 2 and S5 ). 23 We titrated MalB into heparin (20 M) in each buffer (10 mM, pH 7.4, Fig. 1 Table 1 ). The binding has a small favourable enthalpy in each case, indicative of electrostatic binding between oppositely charged species, and a larger favourable entropy, related to desolvation of charged surfaces (i.e., release of water molecules and counterions into bulk solvent). The importance of entropy in guanidinium-anion interactions has been highlighted previously. 25 The end of titration (EOT) values, corresponding to the binding saturation of heparin with MalB had 1:1 ratio between cationic:anionic charge in Tris-HCl and HEPES, although in HEPES the EOT value was slightly larger. The EOT in PBS, however, was significantly larger, suggesting more MalB was required to saturate heparin. The binding of cationic MalB to anionic heparin in different buffers can be understood in terms of the ability of the anionic species in the buffer to compete for binding to the cationic groups on MalB. This is in-line with expectations from supramolecular chemistry of anion binding 14 based on the charge density of each of the buffer anions phosphate has a higher 2-/1-charge, sulfonate has a 1-charge delocalised onto directional oxygen atoms, while chloride has its surface 1-charge dispersed over a large non-directional spherical surface.
As such, binding to the buffer anion would be expected to follow the trend: phosphate > HEPES > Tris-HCl. Competition in this order therefore limits the binding of MalB to heparin.
In the absence of NaCl, binding in Tris-HCl was largely unaffected, but in HEPES, binding strengthened. The low ionic strength experiment could not be performed in PBS, as the buffer itself contains salts. At low ionic strength, in Tris-HCl, H increased slightly, suggesting stronger electrostatic interaction as expected due to less charge screening, and S decreased a little, indicating less desolvation, with enthalpy-entropy compensation leading to similar overall G. Tris-HCl is ionmatched to the background electrolyte (150 mM NaCl), and we therefore propose the 10 mM chloride provided by Tris-HCl offers a less concentrated, but similar ionic environment. In HEPES, H again increased a little in the absence of NaCl, but S increased very significantly . HEPES will interact more via competitive interactions between its sulfonate anion and cationic MalB, with HEPES release increasing S. 25 This also supports the slightly larger EOT value in HEPES. The difference between Tris-HCl and HEPES was somewhat surprising, G
We then investigated the impact of buffer on cationic SAMul nanosystems. We selected C16-DAPMA (Fig. 1) , 24d,e as it combines simple synthesis with effective heparin binding, and is assembles into well-defined cationic micelles under the micromolar regime of heparin binding. We performed a Nile Red assay (Figs. S1-S3) 26 and ITC (Fig. S5 ) to determine critical micelle concentrations (CMCs, Table 2 ). Within error, C16-DAPMA had the same CMC in each buffer.
To characterize the SAMul nanostructures further, we used dynamic light scattering (DLS, Table 2 , Figs. S7-S18). This was performed at high C16-DAPMA concentration (1 mg/mL, 2.2 mM) with ca. 150 mM electrolyte. Under these conditions, significant further hierarchical aggregation of the SAMul systems occurred. At 70°C, in Tris-HCl and HEPES, relatively well-defined assemblies were observed (ca. 6.8 nm) with equivalent -potentials (ca. +40 mV), consistent with the formation of simple spherical micelles. However, in PBS, the species formed were larger (ca. 21 nm), with greater dispersity, and lower -potentials (ca. +25 mV). We suggest that interactions with the phosphate anions in PBS occur at the cationic micellar surface, causing charge neutralisation and some aggregation. Indeed, we know from previous work that anions can induce hierarchical assembly of these cationic micelles. 24e On lowering the temperature to 25°C, further assembly was observed. In PBS, the diameter was >1 M and the -potential was lowered to effectively zero. However, even in HEPES and to a lesser extent Tris-HCl, aggregation was Competition assays rapidly tested the relative heparin binding of C16-DAPMA in each buffer. In this assay, 22b the ability of the SAMul nanosystem to displace MalB from its complex with heparin was monitored by UV-Vis. This yields charge excess (CE50) of the binder, the number of positive charges per heparin negative charge to obtain 50% MalB displacement, effective concentration (EC50) i.e., mass of binder required to bind 100 international unit of heparin (Table 3, Fig. 3 ). In Tris-HCl, C16-DAPMA binds heparin very well, displacing MalB at low loadings (EC50 34 M) similar to the CMC. Binding is slightly less effective in HEPES, with more C16-DAPMA required to displace MalB (EC50 55 M), and very much less effective in PBS (EC50 121 M), significantly above the CMC, suggesting competition to heparin binding at the charged nanosurface. This competition assay is referenced to the binding affinity between MalB and heparin. In each buffer, the reference complex also has a different strength as described above (Table 1) . As MalB is most effective in Tris-HCl, and least effective in PBS, it might have been expected that C16-DAPMA would be less-able to displace strongly-bound MalB in Tris-HCl than weakly-bound MalB in PBS the inverse of what was observed. The enhanced ability of C16-DAPMA to displace MalB in Tris-HCl (vs. PBS) is therefore even more remarkable. Table 3 . CE50, EC50 and doses obtained for C16-DAPMA using MalB competition assay (10 mM buffer, 150 mM NaCl, pH 7.0). We used ITC to characterise binding between SAMul C16-DAPMA and heparin (Table 4 and Fig. S6 ). Heparin binding was exothermic more so than for MalB as expected for a multivalent electrostatic process. The entropies were positive, suggesting solvent and ions are released from the binding interface. The G values ( Table 4 ) clearly show that in PBS SAMul/heparin binding is much less effective (G = -6.31 kcalmol -1 ) than HEPES (G = -7.45 kcalmol -1 ) than Tris-HCl (-8.08 kcalmol -1 ). In more detail, Hobs is greater in Tris-HCl than PBS (or HEPES), presumably because competitive interactions of the latter buffers with the cationic micelle limit the enthalpic gain. Further, S increases from Tris-HCl to PBS, suggesting greater displacement of bound ions/solvent. However, the increase in S on changing to PBS in no way offsets the loss of H, and as such, significant differences in free energy arise. Interestingly, the data show that for these nanoscale SAMul systems, the impact of buffer is greater than for MalB. The difference in G for heparin binding between Tris-HCl and PBS increases from 1.20 kcalmol -1 (MalB) to 1.77 kcalmol -1 (C16-DAPMA). The adverse effect of competitive buffers on the larger enthalpic term, which results from the highly charged multivalent SAMul Please do not adjust margins
Please do not adjust margins system, primarily drives the greater buffer sensitivity of C16-DAPMA. Our study therefore suggests highly charged nanoscale binding interfaces are more sensitive to buffer competition. In summary, the binding of MalB to heparin decreases in the order Tris-HCl > HEPES > PBS. We conclude buffer effects result from interactions between anionic buffer component (phosphate/sulfonate/chloride) and cationic binder. Such interactions occur in 10 mM buffer, even in the presence of 150 mM electrolyte, and e G HEPES competes. In the absence of salt, binding becomes stronger in HEPES than Tris-HCl suggesting ionic strength mediates these competitive interactions. SAMul nanostructures show the same overall order of binding (Tris-HCl > HEPES > PBS), but the effect of buffer on the multivalent interactions between the highly charged SAMul binding array and heparin is even greater. In conclusion, when studying electrostatic binding, it is initially desirable to use a non-competitive buffer such as Tris-HCl in background electrolyte. However, the biological medium itself contains many anions, including phosphates and other highly competitive anionic species. The specific effects of these anions on electrostatic (and other) binding processes must be carefully considered when developing recognition systems for use in vivo. We emphasize the need to consider the impact of all species in solution even apparently inert ones like buffers can significantly affect binding.
